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Abstract 
The bonding properties of PMMA-microstructures on Ti-coated Cu-substrates after 
an oxidative treatment in alkaline hydrogenperoxide solution were investigated. In 
order to clarify the basic mechanism, surface analytical investigations by XPS-, 
AES-, and depth profile measurements have been performed. It was demonstrated 
that for optimum bonding a Ti02 surface layer of ca. 30 nm thickness is necessary. 
Chemical effects as weil as a mechanical bonding with open grain boundary 
structures (dimensions in the 11m-range) could be ruled out as bondinq mechanisms. 
A mechanical interlocking of the polymer with micropores (dimensions in the nm-
range) of the oxidic overlayer is adopted as the most probable bonding mechanism. 
XPS und AES Untersuchungen zur Hafteigenschaft dünner Titanschichten 
Zusammenfassung 
Die Hafteigenschaften von PMMA-Mikrostrukturen auf Titan-beschichteten 
Kupferträgern nach einer Ätzbehandlung in alkalischer \!llasserstoffperoxid-Lösung 
wurden untersucht. Zur Aufklärung des zugrunde liegenden Mechanismus wurden 
oberflächenanalytische Untersuchungen mit XPS- AES- und Tiefenprofilmessungen 
durchgeführt. Es konnte gezeigt werden, daß zur optimalen Haftung eine 
oberflächliche Ti02-Schicht von ca. 30 nm Dicke erforderlich ist. Als Mechanismen 
für die Haftung konnten chemische Effekte sowie eine mechanische Verzahnung 
mit offenen Korngrenzenstrukturen (Dimensionen im 11m-Bereich) ausgeschlossen 
werden. Als wahrscheinlichster Haftmechanismus wird eine Verzahnung des 
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1. Introduction 
The investigation of bonding and adhesion properties of various l<inds of materials 
has attained increasing significance for numerous technological applications. 
Besides the creation of durable junctions between equal as well as different 
materials the ample field of coatings depends widely on information on the 
adhesion properties of the materials involved. 
Examples, where such questions arise, are hard coatings for the improvement of 
wear properties or paint coatings for corrosion protection purposes. Furthermore, 
during the fabrication of semiconductors thin coatings of photosensitive polymeric 
material are used as masl<s for the structurization of thin films on top of an 
appropriate substrate, e.g. silicon (1). Several hundred 11m thicl< polymeric coatings 
on metallic substrates are used in the fabrication of microstructures with high 
aspect ratio by the socalled LIGA process (2-4). This procedure has been developed 
at the Kernforschungszentrum Kerlsruhe and consists of a sequence of several 
steps: irradiation and development of the polymeric coating, galvanoforming, 
mould fabrication, and replication by reaction injection moulding. During the 
irradiation step an X-ray sensitive polymer (polymethylmethacrylate, PMMA) of 
several hundred micrometers thicl<ness, which has been directly polymerized on top 
of an appropriate metallic base plate, is irradiated with synchrotron radiation 
through a mask. After development of the irradiated parts of the polymer the 
cavities are refilled by galvanic metal precipitation. After removal of the residual 
polymer, this metallic form is used for the replication of the microstructures in a 
mass production process. 
For the performance of the lithographic and subsequent steps of the LIGA process 
it is important to achieve an optimum junction between the polymer and the 
support which can withstand mechanical and chemical stresses. Even 
microstructures with dimensions down to a few micrometers must adhere after 
development. 
There exist numerous investigations which deal with the adhesion and bonding 
properties of various materials and which concern the effects of chemical and/or 
mechanical pretreatments of the solid materials (e.g. metals) which are to be 
bonded to their counterpart or which serve as support for a polymer (5-11). The aim 
of these worl<s was to find the optimum pretreatment conditions for bonding and to 
determine what properties of the pretreated substrate are responsible for a good 
bonding. 
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It is common use to subdivide the adhesion properties into those which are based on 
mechanical reasons and those which are affected by chemical interactions (5,12). In 
case of "mechanical" adhesion the interaction between the adhesive and the 
adherend can be described by a mechanical interlocking between the paraus surface 
of the adherend and the adhesive, which is able to penetrate into the pores before 
solidification (5-7). 
Chemical interactions are based on the formation of chemical bonds between the 
two adjacent solids. Another possibility is the existence of a diffusion zone which is 
characterized by a high degree of interdiffusion and the presence of solid solutions 
of wide homogeneity range or of multiphase systems (13-16). 
Much of the discussion concerns the degree of mechanical or chemical interactions 
contributing to the bonding strengths. It seems that in metallpolymer systems 
mechanical interlocking is the dominating process. However, it cannot be ruled out 
that chemical bonding contributes to the stability of the junction, too (5). 
The aim of the present work is to elucidate the results of experimental 
investigations which describe the bonding properties of PMMA on titanium coated 
copper base plates, which are used during the structurization steps of the LIGA 
process. Before use the Ti/Cu base plates are treated with an alkaline hydrogen 
peroxide solution. This treatment has been shown to improve the bonding properties 
of titanium and titanium based alloys to a high extent (8,17). In case of PMMA as 
polymeric overlayer it has been observed that the adhesion of the microstructure 
depends strongly on the time of oxidative pretreatment of the support. 
Surface analytical techniques and among these XPS and AES provide information 
from a surface layer of only a few nanometers thickness and are, therefore, weil 
suited for the investigation of possible chemical effects on the adhesion properties 
and on the long-term resistance of metal-to-polymer junctions since these effects 
should occur primarily at the interface between both solids (5-7,9,10,14-16,18-20). 
Since the Ti-coating has only a thickness of up to a few micrometers, besides a 
functional testing depth profiling by combining Auger Electron Spectroscopy (AES) 
with ion bombardment induced sputtering has been used for the investigation of the 




The substrates used as base plates for the PMMA resist in deep-etch X-ray 
lithography consist of copper plates of about 2 mm thickness, which are coated with 
a titanium layer of a few micrometers thickness. Before coating the copper plates 
are milled an one side with a fast-running milling machine to obtain a smooth 
surface. Afterwards the plates are coated an this side with a one to three 
micrometer thick titanium overlayer by sputter deposition. 
Sputtering of the Ti-layers has been done using a magnetron sputtering apparatus 
type Z 700Pl (Leybold-Heraeus), allowing a residual gas pressure of down to 8 x 
10-B mbar. Two types of coatings have been produced depending an the sputtering 
conditions (21,22): Ti-layers with open grain boundaries have been obtained by 
applying a high argon process pressure of 3 x 10-2 mbar, a low substrate bias 
0 
valtage of -40 V, an average deposition rate of 20 A/sec and an average substrate 
temperature of 200 °C. Overlayers with closed grain boundaries and accordingly 
mirrorlike surfaces have been obtained primarily by lowering the gas pressure 
during sputtering to 4 x Io-3 mbar and by increasing the bias valtage to -100 V. 
The appearance or absence of open grain boundaries in dependence an the 
sputtering conditions can be explained by the Thornton model (23). In the present 
work both types of coatings have been investigated. 
2.2 Oxidation Procedure 
The Ti/Cu samples were oxidized in an alkaline hydrogen peroxide solution (0.5 M 
NaOH, 0.2 M H202) (17). The reaction temperature was kept constant at 65 ::!- 1 °C. 
The oxidation time was varied between one and twenty minutes. The solution was 
permanently mixed by a magnetic stirrer running with a frequency of 250 cycles 
per minute. 
During the experiments it turned out to be necessary to cantrot the experimental 
conditions very carefully since otherwise differences in the degree of oxidative 
attack were observed, especially for samples with open grain boundaries in the Ti-
coating. The following conditions had to be maintained in order to obtain 
reproducible results of the oxidative tteatment: 
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addition of the H202-solution before heating, 
heat-up time of the H202/NaOH solution before sample insertion about 
30 min, 
constant mixing speed, 
sufficient volume of the etch solution in order to keep its consumption 
negligible during etching (0.5 l of H202/NaOH solution for samples with a 
coated area of 60 x 15 mm 2 ), 
use of a fresh solution for each etch treatment. 
2.3 Measurements 
The absorption of X-ray fluorescence radiation from the Cu-substrate in the Ti-
coating was used to determine the thickness decrease of the coating caused by the 
oxidative treatment. With this technique the thickness of an overlayer is calculated 
from the intensity of secondary X-rays emitted from the substrate, which is 
proportional to the overlayer thickness (24). Since this is only an indirect method, 
the intensity scale has to be calibrated using a layer of known thickness. This has 
been done by measuring the step height of a titanium layer covering the Cu-
substrate only partially by means of a step profiler. In addition, some samples were 
weighed before and after oxidation. The weight lass was then transformed into the 
degree of reduction of overlayer thickness. This latter method was also used to 
prove that copper was not attacked significantly by the peroxide solution. This is of 
importance because only one side of the copper plates was covered with titanium. 
Topographical as well as structural changes of the overlayer after oxidation were 
examined in a scanning electron microscope. For this purpose the titanium surface 
of the oxidized samples and, in addition, cross-sections perpendicular to the 
surface were investigated. The latter were made by etching a window into the Cu-
base plate with a solution of 30 % HN03 which does not attack the Ti-overlayer. 
The self-supporting Ti-foil · of one to three p.m thickness was then broken 
mechanically. 
The roughnass of the surface was determined by means of a "step-profiler" from a 
cross-surface plot obtained from the vertical deflections of the diamond-tipped 
stylus, which is moved across the sample surface. The stylus used had a tip radius 
of less than 1 p.m. This means that e.g. the depth of 1 p.m diameter holes could only 
be measured if it is less than 1/8 of the diameter. Parameters to characterize the 
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roughness are the maximum height of the surface roughness Rr and the root mean 
square deviation from the average surface roughness Ra, which were determined 
along a distance of 200 IJ.m. 
For the measurement of XPS and AES spectra and of depth profiles 20 x 20 mm 2 
squares of all sample types were sticked to standard probes by means of adhesive 
silver paint, which was allowed to dry in atmosphere under ambient conditions or 
sometimes by using an infra-red lamp. Afterwards the samples were introduced 
into the spectrometer. 
The spectrometer used was a Vacuum Generators (VG) ESCALAB 5 which is 
described in detail elsewhere (25). XPS spectra were recorded with Al K X-ray 
excitation with the energy analyzer operated in the constant pass energy mode 
(CAE). Overview spectra were recorded with CAE = 50 eV while narrow scans 
araund the energies of the i mportant electron lines were taken wi th CAE = 20 e V. 
With the latter value the resolution of the spectrometer has been determined to be 
1.3 eV (FWHM) for the Au 4f photopeaks of a cleaned gold sample. Binding energies 
are referred to the Au 4h /2 photopeak with Eg = 84.0 eV. The XPS spectra 
represent the average composition of a sample surface of 50 mm 2 area. 
Auger electron emission was excited by 3 or 5 keV primary electrons from a VG 
LEG 100 electron gun with a focussed beam of 1-3 11m diameter which was usually 
rastered over a sample area of 0.24 mm 2 • The total electron current amounted to 
2.0 IJ.A. During the acquisition of AES spectra the electron spectrometer was 
operated in the constant retard ratio mode (CRR) with a value of CRR = 10. 
Spectra were recorded in the derivative mode by using a lock-in amplifier and a 
modulation valtage of 2.0 V. Eiemental intensities were determined from the peak-
to-peak heights of the differentiated Auger lines. 
The surface erosion for the measurement of depth distributions was performed with 
5 keV Ar ions using a VG AG 61 ion gun which provides a focussed (ca. 100 IJ.m C/J) 
and rastered ion beam. The total ion current was chosen between 100 and 500 nA, 
and the ion current densities ranged from 25 to 500 nA • mm-2. No influence of a 
Variation of the ion current density on the depth profiles could be observed during 
the measurements. All depth profiles shown in the following are normalized in such 
a way that the time axis corresponds to constant sputtering conditions of 5 keV Ar+ 
ions at a current density of 200 nA • mm-2. 
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For XPS depth profiles the samples were sputtered with argon ions of about 5 keV 
primary energy from a Leybold-Heraeus IQP 10/63 ion gun. This ion gun provides a 
homogeneaus current density over an area of 10 mm diameter and is, therefore, 
weil suited for a combination with XPS. The current density was about 150 nA · 
mm-2. 
Data acquisition as weil as evaluation and handling of the spectra was performed 
with a VG OS 4025 data system. Among others it contains routines for the 
subtraction of X-ray satellites and the background of inelastically scattered 
electrons, for the determination of peak areas, for the analysis of complex 
multiplets in XPS spectra by a curve synthesis, and for the evaluation of depth 
profiles from peak-to-peak heights of AES spectra. 
2.4 Testing of Bonding Properties 
Testing of the bonding properties of the PMMA microstructures by means of the 
wedge-test method (26) is not possible due to their small lateral dimensions. Since, 
however, a correlation of the quality of the bonding properties with the applied 
oxidation time is necessary, a functional testing was performed. 
For this purpose different cylindrical microstructures (diameters 5, 10, 50, 100, 
250, and 500 [lm, height 100 [lm) were produced by deep-etch synchrotron radiation 
lithography on a single oxidized Ti/Cu sample. The degree of adhesion was 
characterized by the diameter of the smallest structures, which adhered 
undisturbed at the surface. In cases where only the smallest microstructures did 
not adhere completely, the percentage of adhering 5 [lm-cylinders was taken as a 
quantitative measure for the degree of adhesion. 
3. Results and Discussion 
3.1 Characterization of Untreated Ti/Cu-Samples 
3.1.1 Metallographie characterization 
The sputtered Ti-layers are different in their optical appearance dependent on the 
sputtering conditions. Whereas the layers produced without open grain boundaries 
are brilliant, the surfaces with open grain boundaries Iook mat. SEM-pictures show 
that the surfaces of samples without open grain boundaries have a fairly smooth 
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topography (Fig. 1 a). Their cross-sections are also smooth except of the breaking 
edges (Fig. 1 b). In contrast, the surfaces of samples with open grain boundaries are 
distinctly structured (Fig. 2 a). The surfaces are not closed and individual grains are 
clearly separated from each other. The grooves between the grains extend 
throughout almost the whole overlayer (Fig. 2 b) and only a thin layer of the coating 
in contact with the Cu-support is free of open grain boundaries. 
As already seen from the SEM-pictures the roughness of surfaces with open grain 
boundaries is larger than for surfaces without open grain boundaries. This could not 
completely be reproduced in roughness measurements. The measured • parameters 
for the first sample type are only Ra = 14 nm and RT = 114 nm while the values for 
the latter samples were found to be Ra = 7 nm and RT = 45 nm, respectively. The 
micro-porous structure of the oxide layer is not detectable in these measurements. 
3.1.2 Surface analytical characterization 
The surfaces of the different unoxidized (and oxidized, see sect. 3.2.3) Ti/Cu 
samples were characterized by means of XPS and AES. Fig. 3 shows an XPS 
overview spectrum of sample No. 1 (with open grain boundaries). The surface 
consists of Ti, 0, and C (from adsorbed hydrocarbons). Fig. 4 shows detailed 
spectra of the Ti 2p and 0 1s regions. The Ti 2p spectrum consists of two 
components, which can be assigned to titanium dioxide and to titanium metal by 
comparison with published binding energy values (27,29). Ti02 originating from 
oxidation during atmospheric contact forms a very thin overlayer of a few 
nanometers thickness, which protects the underlying metal from further oxidation. 
The 0 1s spectrum is mainly attributed to the dioxide. A contribution of hydroxide 
at the sample surface is indicated by the asymmetric tailing of the photopeak at its 
high binding energy side. The XPS spectra of unoxidized samples without open grain 
boundaries da not differ from those in Figs. 3 and 4. 
The AES depth profiles of unoxidized samples with and without open grain 
boundaries, however, exhibit marked differences with respect to the oxygen depth 
distribution. Fig. 5 shows the depth profile of sample No. 5 (with open grain 
boundaries) and Fig. 6 an expansion of the surface-near part of the profile of 
Fig. 5. In Fig. 7 selected Auger spectra are presented corresponding to various 
sputtering times of the profile in Fig. 5. 
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Fig. 8 shows the depth profile of sample No. 9 without open grain boundaries in the 
Ti-overlayer while an expansion of the surface-near part is given in Fig. 9 and the 
corresponding selected Auger spectra in Fig. 10. 
A comparison of the profiles of samples with and without open grain boundaries 
(Figs. 5,6 and 8,9) reveals the following features: The oxygen distribution close to 
the surface is similar in both cases and corresponds, as already observed in XPS 
spectra, to the coverage of Ti-metal with a thin dioxidic overlayer. The position of 
the intersection of the Ti(L 3M23M23) and O(KLL) depth profiles (Figs. 6 and 9) can 
be taken as a measure of the approximate thickness of this overlayer, which can be 
calculated to be 3 to 4 nm by using a sputtering rate of 2.04 nm/min for Ti02 at 
200 nA/mm 2 (Ref. 29). However, while in Fig. 8 (sample No. 9, without open grain 
boundaries) the oxygen intensity drops to zero very rapidly, it drops only to about 
20 % of the maximum intensity in the depth profiles of samples with open grain 
boundaries (Fig. 5, sample No. 5). This is a direct consequence of the presence of 
open grain boundaries, since during contact with air not only the "visible" surface 
of the metallic overlayer but also the "inner" surfaces of the open grain boundaries 
can be oxidized. This Ieads to the presence of oxygen within the overlayer which 
then contributes to the oxygen profile in deeper layers. 
It should be noted that the oxygen intensity in such profiles drops to zero before 
the interface between Ti and the copper substrate is reached. This indicates that a 
small fraction of the Ti-layer close to the interface is free from open grain 
boundaries; the Ti-crystallites must have grown tagether closely in this part of the 
coating (cf. also SEM photographs in Figs. 1 b and 2 b). 
3.2 Effects of Oxidative Treatment 
The oxidative attack of the alkaline hydrogen peroxide solution Ieads to a partial 
dissolution of the titanium coating. Consequently, one observes a reduction of the 
overlayer thickness, which has been followed by weight lass, X-ray fluorescence 
absorption, and AES depth profiles. Changes in the composition of the surface have 
been followed by XPS. Changes of the in-depth composition have been investigated 
by AES. The most significant effects have been observed for Ti/Cu samples 
exhibiting open grain boundaries. The details of the results are described in the 
following chapters. A summary of various parameters of the investigated samples 
is given in Tab. 1. 
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3.2.1 Weight lass and X-ray fluorescence absorption measurements 
The reduction of overlayer thickness with etch time was investigated 
systematically for samples with a 3 jlm coating of titanium. The measurements 
yielded a linear relation between etch time and thickness reduction for samples 
with open grain boundaries as well as for samples without open grain boundaries. 
Fig. 11 shows the results for both types of samples. The slopes of the curves are 
0.108 jlm • min-1 for samples with open grain boundaries (thickness reduction 
determined by X-ray fluorescence absorption and by weight lass measurements) and 
0.045 jlm · min-1 for samples without open grain boundaries (thickness reduction 
determined by X-ray fluorescence absorption), respectively. The smaller etch rates 
for samples without open grain boundaries is possibly due to the much smaller 
surface accessible to the oxidizing solution in cantrast to samples with open grain 
boundaries. 
3.2.2 Roughness and topography change measurements 
After etching the surfaces of both sample types with and without open grain 
boundaries they become more structured both looking grit-like (Fig. 12 a, 13 a). 
While the open grain boundaries seem to be attacked throughout the whole 
thickness of the layer so that more and larger spaces between the grains become 
visible (Fig. 12 b), the layers without open grain boundaries seem to remain 
undisturbed below the thin oxidic layer (Fig. 13 b). This could also be seen after 
removing the oxide layer by sputtering because the mirror-like surface appeared 
again. 
The values Ra and RT determining the roughness of the surface showed only a 
small increase with increasing oxidation time. For a sample without open grain 
boundaries oxidized for ten minutes the roughness parameters were Ra = 10 nm (in 
comparison to 7 nm for untreated samples) and RT = 60 nm (in comparison to 
45 nm), respectively. For a sample with open grain boundaries oxidized for one 
minute the values were R8 = 18 nm and RT = 135 nm (in comparison to 14 and 
114 nm for untreated samples), respectively. These small changes are partly due to 
the effect that the dimensions of the structures are too small to be measured 
correctly with the stylus of the step-profiler used. Therefore, these measurements 
revealed only restricted information an the change of the surface topography with 
increasing oxidation time. 
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3.2.3 Results of XPS and AES measurements 
a) Sampies with open grain boundaries in the Ti-coating 
Fig. 14 shows an XPS overview spectrum of sample No. 6, which has been oxidized 
for about 3 min. Besides C, Ti and 0, signals from Na and Cu were observed. It is 
suggested that Na has been adsorbed from the alkaline solution. In case of Cu the 
signals either result from the excitation of Cu-photoelectrons from the cut faces 
of the sample plates or from Cu dissolved from the rear side of the plate and 
redeposited on the coated face. The XPS spectra of Ti 2p and 0 1s are shown in 
Fig. 15. The only difference to the not-oxidized sample No. 1 (cf. Fig. 4) is the 
absence of the metal peak. This indicates a thicker dioxide overlayer absorbing the 
Ti 2p metal photoelectrons completely. This assumption is confirmed by the AES 
depth profiles (see below). As far as XPS spectra have been measured for other 
samples oxidized for different time intervals they show no significant variations 
when compared to Figs. 14 and 15. 
The AES depth profiles of oxidized samples with open grain boundaries show, in 
contrast, drastic effects with increasing etch times. After short oxidation time 
(1 min) the profile is still comparable to that of the untreated sample (cf. Fig. 5) 
except of the shorter sputtering time necessary to resch the interface, which 
indicates a partial dissolution of the Ti-coating. Langer oxidation times Iead to an 
increasing oxygen concentration within the overlayer. This is demonstrated in Fig. 
16 for sample No. 3 with an oxidation time of about 5 min. Corresponding selected 
AES spectra are shown in Fig. 17. After an extended region of constant 
composition with high oxygen content the 0 1s signal intensity drops rapidly when 
approaching the Ti/Cu-interface while the Ti-intensities first increase before the 
expected decrease at the real interface. This behaviour is similar to that of the 
untreated samples with open grain boundaries (cf. Fig. 5) indicating a significant 
influence of the latter an the oxidation process. This will be discussed in context 
with the chemical speciation results below. 
Extended etching ( 2 10 min) of samples with 1 f!m thick Ti-coating with open grain 
boundaries results in depth profiles which indicate a destruction of the overlayer. 
An example is shown in Fig. 18, corresponding selected AES spectra in Fig. 19. The 
presence of Cu after very short sputtering times indicates breaks in the Ti-coating. 
The shapes of the 0- and Ti-profiles, which have pronounced maxima, point to an 
island-like structure of the remaining parts of the overlayer. The different 
positions of the 0- and Ti-maxima indicate that the inner parts of the islanrls are 
still metallic. The gradual increase of the copper intensities supports the proposed 
island structure and, in addition, shows that the islands have significantly differing 
thicknesses. 
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A quantitative evaluation of the almost equal intensities of Ti and 0 in samples 
with open grain boundaries after medium etch times, which was based an a 
comparison of the relative O(KLL) and TiCL3M23M23)-intensities in several 
titanium oxides, yielded an integral composition of the major part of the overlayer 
corresponding approximately to the stoichiometry of TiO (30). It was, however, 
pointed out in this reference that this result cannot be interpreted exclusively by 
the presence of titanium monoxide since not only a homogeneaus TiO-layer but also 
an inhomogeneaus mixture of Ti02 and Ti-metal both lead to equally shaped AES 
spectra. A distinction between these two possibilities can be made by XPS 
investigations. Fig. 20 shows a sequence of Ti 2p XPS-spectra of sample No. 6 
taken at different depths of the overlayer. The uppermost spectrum (already shown 
in Fig. 15) represents Ti02. With increasing depth a second Ti-component at about 
454 eV appears. The lower two spectra were both recorded in the plateau region of 
the depth profile (cf. Fig. 16, profile type "8"). In these spectra the Ti 2P3/2 
binding energy (454.3 eV) is very close to that of pure Ti-metal (454.0 eV, Ref. 27), 
but a direct comparison with the spectrum of Ti-metal, which is given in Fig. 21 b, 
shows distinct differences as can be seen from the hatched area in Fig. 21 a. After 
subtraction of the Ti-metal component from the spectrum of sample No. 6 
(Fig. 20 c) there remains a residual multiplet (Fig. 22 a), which can be resolved into 
three components as shown in Fig. 22 b. According to published binding energy 
values (27) these components can be assigned to TiO, Ti203, and TiD2. 
Ta explain the origin of these suboxides one has to keep in mind that after 
sputtering the Ti 2p spectra (Fig. 20 c and similarly 20 d) represent not only the 
original composition of the overlayer at the corresponding depth but also the 
influence of ion bombardment which is known to reduce Ti4+ to Ti3+ anrl Ti2+ (but 
not to the metal cf. Refs. 27, 28). Therefore it is very likely that the observed 
spectra result from a mixture of Ti-metal and Ti02, the latter compound being 
partially reduced by ion bombardment. Furthermore, the existence of a 
homogeneously oxidized TiO-overlayer, which was the other possibility of 
explaining the observed Auger spectra, is clearly ruled out because in this case the 
XPS spectra should show one single component (TiO) at a binding energy of 455.5 
eV (Ti 2P3/2) which is definitely different from the observed value of 454.3 eV. 
With respect to the alkaline hydrogen peroxide treatment this result indicates that 
the oxidative attack besides a partial dissolution of the metallic overlayer, leads to 
the formation of Ti02, which is not dissolved. The open grain boundaries permit an 
oxidation not only at the "visibl~" surface but also "within" the overlayer leading to 
the "coexistence" of Ti-meta! and Ti02 in the plateau region of the profile (cf. 
- 12 -
Fig. 16). While the metal component represents the inner part of the individual 
grains not yet oxidized, the dioxide reflects the oxidation at the grain boundaries. 
This picture also explains the rapid drop of the oxygen concentration close to the 
interface and the corresponding increase of the metal intensity: here the grains 
have grown closely tagether without exhibiting attackable open boundaries. 
These explanations are also valid for the unetched Ti/Cu-substrates with the open 
grain boundaries oxidized by atmospheric contact only. 
These explanations of the observed spectra and profiles are supported by published 
results showing on one hand that an oxidative treatment of Ti and Ti-based alloys 
Ieads to the formation of Ti02 (5) and on the other hand that, depending on the 
etching conditions, grain boundaries may be attacked preferentially (8). Other 
authors, however, observe the formation of an arnorphous, non-stoichiornetric 
oxidic phase (17). 
b) Sampies without open grain boundaries in the Ti-coating 
The depth profiles of oxidized samples no. 10 to 15 are, in principle, cornparable to 
that of the corresponding unoxidized sample (no. 9, cf. Fig. 8). Differences are 
observed with respect to the total overlayer thickness, which is continuously 
reduced with increasing etch time (cf. Fig. 11). In addition, the thickness of the 
dioxide overlayer increases with etch time as illustrated in Fig. 23. The unoxidized 
sample has an oxide layer thickness of about 3 nm which increases to about 40 nm 
after 20 min etching. 
The dissolution of the titanium overlayer seems to take place in a very regular 
manner. This statement is based on a comparison of the absolute widths of the 
Ti/Cu-interfaces in the profiles of sarnples no. 9 and 13. The interface width of 
sample no. 13 is only insignificantly larger than that of sample no. 9. In case of a 
very irregular attack (e.g. preferentially at grain boundaries) one would expect an 
additional distortion of the profile at the interface between Ti-coating and Cu-
substrate due to an irregular thickness of the coating. 
3.2.4 Results on bonding properties 
In Fig. 24 the percentage of structures with a diameter of 5 ~m is shown which do 
not adhere to the etched Ti-surface as a function of etch time. In this case the Ti-
surface was produced without open grain boundaries. For etch times less than 5 rnin 
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this percentage increases strongly. For an etch time of 3 min, for example, not 
only 50 % of the structures with 5 11m diameter but even part of the 10 11m 
structures did not adhere to the substrate. For etch times less than 1 min the 
polymerized PMMA-layer as a whole did not stick to the Ti-surface. For etch times 
!arger than 6 min no significant adhesion problems are encountered as lang as the 
etch time is shorter than the time needed to remove nearly all the Ti-coating 
which is indicated by !arge uneavered parts of the Cu-surface. This limit is 
reached, e.g. for 1 11m thick Ti-coatings produced with open grain boundaries by 
sputtering after etch times beyond 10 min (cf. Fig. 24, samples No. 4 and 8, and 
Table 1). Consequently, for optimum adhesion properties etch times must be 
between 6 min and the upper limit defined by the removal time for the Ti-coating. 
This latter time depends on the layer thickness as well as on the structure of the 
overlayer. 
3.3 Correlation of Sudace Analyses and Bonding Properties 
The basic question gtvmg rise to the present investigation was for the mechanism 
responsible for the bonding between the Ti-coating and the PMMA. The results on 
bonding properties revealed that - more or less independent on the structure of the 
Ti-coating - an etching treatment for a minimum time interval is necessary in 
order to obtain satisfactory bonding. At present, we see three principal 
mechanisms which could cause the bonding: 
(i) formation of chemical bonds between the oxidized Ti-surface and the 
PMMA, 
(ii) "rough structures" with sizes in the 11m-range like e.g the observed open 
grain boundaries, eventually after enlarging by oxidative attack, 
(iii) "microstructures" with sizes in the nm-range like micropores as observed by 
several authors (Refs. 31-36). 
From the combined bonding property- and surface analytical investigations the 
first two possibilities mentioned above can be clearly ruled out: 
(i) For any chemical bonding only the outermost atomic layers of polymer and 
substrate are responsible. However, the AES depth profiles showed that a 
Ti02 layer of 20 - 40 nm thickness is necessary to obtain good bonding 
properties. In contrast, a chemical bonding should be possible even with an 
oxide layer of only a few nm thickness already present on the untreated 
samples or after very short etch times. 
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(ii) There was no influence observed of open grain boundaries on the bonding 
properties of different Ti-coatings. 8oth sample types with and without.open 
grain boundaries showed similar bonding behaviour after the generation of 
an approximately 30 nm thick Ti02 layer (cf. Table 1). 
(iii) The micropores, which according to Refs. (31,32,34,36) in fact exist in 
oxidic overlayers, become effective for bonding possibly only after the 
oxidic layer has grown to a minimum thickness and9 consequently, after the 
pores have attained a definite size (diameter and depth). In this case the 
bonding would be an effect of mechanical interlocking of the polymerized 
molecules with micropores of proper size. 
Though we cannot prove this latter mechanism directly, it seems to be the most 
likely one, since it is in accordance with all observations presenter::l in the foregoing 
chapters. 
4. Summary 
The optimization of bonding between Ti-coated Cu-substrates and PMMA-
microstructures by means of an oxidative pretreatment of the Ti-surface with 
alkaline peroxide solution was originally a more or less heuristic procedure in 
course of the LIGA process. In addition, the influence of different structures of the 
coating originating from different conditions during sputter-deposition of Ti was 
not weil understood since the mechanism responsible for the bonding effect was 
unknown. Surface analytical investigations by XPS-measurements, AES- and XPS-
depth profiles showed a continuous and regular build-up of a homogeneaus oxide 
layer consisting mainly of Ti02. In addition, it could be demonstrated that the 
oxidative attack in case of Ti-coatings with open grain boundaries proceeds to a 
significant extent along these grain boundaries. This Ieads finally to breaks in the 
coating and to uneavered parts of the Cu-substrate with islands of Ti-meta! in 
between. In contrast, for samples without open grain boundaries a rather regular 
removal of the metallic layer accompanies the build - up of the oxidic overlayer. 
The comparison of the investigated bonding properties in dependence on the etch 
times to the respective surface structures showed that, regardless of the presence 
of open grain boundaries, an oxide layer thickness of at least 30 nm is necessary to 
obtain good bonding. On the other hand, this bonding is only continuing as lang as 
the oxidic Iayer remains closed. A partial removal of the whole coating (Ti-oxide 
and -meta!) reduces bonding drastically since PMMA does not adhere at all to a Cu-
- 15 -
surface. From these findings we concluded that bonding between Ti-coating and 
PMMA-structures is neither caused by chemical effects, which should already act 
with a few oxide monolayers, nor by the influence of the open grain boundaries, but 
rather by a kind of micropores, which become of proper size only in oxide layers of 
more than 30 nm thickness. A direct proof of this mechanism was not possible in 
the framework of the present experiments. It could be done, however, by producing 
a pore-free closed TiOz-layer, e.g. by means of reactive sputtering of Ti in an 
oxygen atmosphere. In this case, one would expect poor or no bonding even for 
oxide layers of proper thicknesses. 
With respect to the LIGA-process the results obtained in the present investigation 
show that it is preferable to use samples with Ti-layers without open grain 
boundaries, since the etch rate is significantly smaller. The oxidic overlayer 
becomes sufficiently thick for optimum bonding after oxidation times larger than 
6 min. It seems to be sufficient to use Ti-layers of ca. 0.4 11m thickness as adhesion 
layers. When etching Ti mask membranes one must keep in mind that etching 
causes a decrease in thickness. On the other hand, the necessary oxidic overlayer is 
very thin and should, therefore, not influence the mechanical stability of the 
membrane. 
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Table 1 Summary of etch times, coating and overlayer thicknes~es, and bonding properties 
of the investigated Ti/Cu-samples 
Sampie Etch Time Coatin1 Thickness Relative Coating Thickness Oepth TiO -Over-
No. a) (min) nominatb AES<;) AES Wt. loss ~ X-Ray Abs. Profile Typek) I ayer thickness 
(nm) (nm) (nm) 
1 0 1000 850 1 1 1 A 3 
2 1 1000 720 0.85d) 0.64 0.69 A 'V 7 
3 5 1000 610 0.72d) 0.4 0.28 B 38 
4 15 1000 'V250 'V 0.29d) 0.26 0.21 c -
5 0 1 oooe) 885+5 f) 1 1 1 A 3 
-
0.76g) 0.639) 0.67g) 6 3 1000 670 B 22 
7 0 1000 890 1 1 1 A 3 
8 10 1boo 210 'V 0.24h) 0.33h) 0.19h) c -
9 0 3000 2860 1 1 'V 1 0 3 
10 1 '3000 - - - 'V 1 i) - 14 
11 t3 3000 - - - 0.92-0.95i) - 32 
12 5 3000 - - - 0.90 - 24 
13 10 3000 2230 0.78i) - 0.85 0 33 
14 15 3000 - - - 0.79 - 38 



















Footnotes Table I 
a) Sampies no. 1-8: with open grain boundaries 
no. 9-15: without open grain boundaries 
b) Approximate thickness of Ti-coating before oxidative treatment (values 
strived for by sputter deposition of Ti). 
c) Calculated from the experimental current density and the sputtering rate of 
Ti-metal (2.14 nm • min-1 at 200 nA • mm-2 (29)). 
d) Sampies no. 1-4 represent a series produced under identical conditions 
before etching. Sampie no. 1 was used as standard for samples no. 2-4. 
e) For this sample the thickness of the Ti-overlayer has been determined 
independently by means of Rutherford Backscattering Spectroscopy (RBS) to 
be 885 ± 5 nm under the assumption of a pure Ti-metal overlayer. This 
method is described in detail in Ref. (29). 
f) The RBS thickness of this sample (cf. footnote e)) was used to calibrate the 
ion current density measurements for the depth profiles of samples no. 6-15. 
g) Coating thickness relative to that of sample no. 5. 
h) Coating thickness relative to that of sample no. 7. 
i) Coating thickness relative to that of sample no. 9. 
k) The classification of the different depth profiles has been introduced in 
order to mark similarity of the observed depth distributions. A typical 
profile of type A is shown in Fig. 5, examples of types B, C, and D are 













SEM-photograph of an untreated Ti-surface without open grain 
boundaries 
a) surface b) cross section 
SEM-photograph of an untreated Ti-surface with open grain boundaries 
a) surface b) cross section 
XPS overview spectrum (excitation: Al K a -radiation) of sample no. 1, 
representing the surface composition of an untreated Ti-overlayer with 
open grain boundaries. The main photopeaks of Ti, n and C have been 
marked. The peaks at high binding energies result from Auger 
transitions in Ti and 0. 
XPS element spectra (Al I< a-excitation) of sample no. 1 at the Ti 2p 
and 0 1s energies. 
AES depth profile of sample no. 5 (with open grain boundaries, Ti-
coating thickness: 1 [lm, untreated). Profiles of this shape are termed to 
be of "type A". 
Depth profile of the surface-near part of the Ti-coating of sample 
no. 5. 
Auger spectra corresponding to specific sputtering times of the profile 
of Fiq. 5. The assignment of the main Auger peaks is as follows: 
Cu (1_3VV) = 920 eV, 0 (KLL) = 515 eV, Ti(L3M23V) = 420 eV, 
TiCL2M23M23) = 385 eV. 
AES depth profile of sample no. 9 (without open grain boundaries, Ti-
coating thickness: 3 [lm, untreated). Profiles of this shape are termed to 
be of "type 0". 
Depth profile of the surface-near part of the Ti-coating of sample 
no. 9. 
Auger spectra corresponding to specific sputtering times of the profile 












Ti-layer thickness reduction as a function of etch time for samples with 
and without open grain boundaries (thickness of Ti-coating: 3 ~m). 
SEM-photograph of a Ti-surface with open grain boundaries after 5 min 
oxidative treatment 
a) surface b) cross section 
SEM-photograph of a Ti-surface without open grain boundaries after 
8 min oxidative treatment 
a) surface b) cross section 
XPS overview spectrum (excitation: Al K cY. -radiation) of sample no. 6, 
representing the surface composition of a Ti-overlayer with open grain 
boundaries after oxidation with alkaline hydrogen peroxide solution. The 
main photopeaks of the detected elements have been marked. The 
Auger peaks and minor photopeaks are not assigned. 
XPS element spectra (Al K cY.-excitation) of sample no. 6 at the Ti 2p 
and 0 1s energies. 
AES depth profile of sample no. 3 (with open grain boundaries, Ti-
coating thickness: 1 ~m, etch time: 5 min). Profiles of this shape are 
termed tobe of "type 8". 
Auger spectra corresponding to specific sputtering times of the profile 
of Fig. 16. 
AES depth profile of sample no. 4 (with open grain boundaries, Ti-
coating thickness: 1 ~m, etch time: 15 min). Profiles of this shape are 
termed to be of "type C". 
Auger spectra corresponding to specific sputtering times of the profile 
of Fig. 18. 
XPS spectra at the Ti 2p energy of sample no. 6 measured after various 






(a) Ti 2p XPS spectrum of sample no. 6 after sputtering until the 
composition remained constant. The spectrum is identical to that of 
Fig. 20 c. 
(b) Ti 2p XPS spectrum of pure Ti-meta!. The hatched area in the upper 
spectrum (a) corresponds to the difference of both spectra and indicates 
the contribution of oxidic Ti-species. 
(a) Difference of the two spectra shown in Fig. 21 a and b (hatched area 
of Fig. 21 a) after proper normalization. 
(b) Result of a multiplet analysis of spectrum (a) after subtraction of 
background and X-ray satellites. The spectral parameters for the Ti-
oxides were taken from Ref. 27. 
Titanium dioxide overlayer thicknesses of Ti/Cu samples without open 
grain boundaries as a function of etch time. The interface between 
dioxide and underlying meta! is adopted at the point, where the 
intensities of the Ti(L 3M23M23) and O(KLL) Auger transitions are 
equal. 
Bonding properties of Ti-coatings as a function of etch time. As a 
measure for the bonding quality the fraction of microstructures with an 
adhesion area of 2 x 10-S mm 2 , which da not adhere to the oxidized Ti-
surface, is given in dependence an the oxidation time. The data were 
obtained for samples without open grain boundaries and Ti-overlayer 
thicknesses of 3 11m. 
1. Data points corresponding to samples no. 1, 9 (not oxidized) and 
no. 10 (1 min oxidized). In these cases already the whole resist layer 
did not adhere to the substrate. 
2. Data point corresponding to sample no. 4 (with open grain 
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